Abstract stomatal limitation was increased in olive. No indication of any heterogeneity of photosynthesis was found The effects of drought on the photosynthetic characin any leaves. Drought treatment significantly teristics of three Mediterranean plants (olive, Olea decreased leaf area in all species, an important factor europea L.; rosemary, Rosmarinus officinalis L.; lavenin drought-induced decreases in photosynthetic proder, Lavandula stoechas L.) exposed to elevated UV-B ductivity. Exposure of plants to elevated UV-B radiation irradiation in a glasshouse were investigated over a (0.47 W m−2) prior to and during the drought treatment period of weeks. Drought conditions were imposed on had no significant effects on the growth or photosyn-2-year-old plants by withholding water. During the thetic activities of the plants. Consequently, it is preonset of water stress, analyses of the response of net dicted that increasing UV-B due to future stratospheric carbon assimilation of leaves to their intercellular CO 2 ozone depletion is unlikely to have any significant concentration were used to examine the potential limimpact on the photosynthetic productivity of olive, lavitations imposed by stomata, carboxylation velocity ender and rosemary in the field. and capacity for regeneration of ribulose 1,5-bisphosphate on photosynthesis. Measurements of
Introduction
stomatal patchiness across leaves. The first stages of water stress produced decreases in the light-saturated During the summer, Mediterranean vegetation is often rate of CO 2 assimilation which were accompanied subjected to periods of severe drought and leaves exhibit by decreases in the maximum carboxylation velocity large reductions in relative water content and water and the capacity for regeneration of ribulose potential ( Kyparissis et al., 1995 ; Scarascia-Mugnozza 1,5-bisphosphate in the absence of any significant et al., 1996) . Frequently, large decreases in photosynthetic photodamage to photosystem II. Leaves of rosemary activity are associated with such changes in water status and lavender were more sensitive than those of olive (Angelopoulos et al., 1996; Munné-Bosch et al., 1999) . during the first stages of the drought treatment and However, the mechanistic bases of this inhibition of also exhibited increases in stomatal limitation. With photosynthesis are not well understood. increasing water stress, significant decreases in the During periods of drought large depressions in photomaximum quantum efficiency of photosystem II photosynthesis of Mediterranean plants during midday are often observed and maximum rates of CO 2 assimilation chemistry occurred in lavender and rosemary, and 1 Present address: Departament de Biologia Vegetal, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal 645, E-08028 Barcelona, Spain. 2 To whom correspondence should be addressed. Fax: +44 1206 873416. E-mail: baken@essex.ac.uk Abbreviations: A sat , light-saturated net CO 2 assimilation rate; c i , intercellular CO 2 concentration; E, daily plant evaporation rate; F∞ m , F∞ v maximal and variable fluorescence yields in a light-adapted state; g s , stomatal conductance; F v /F m , ratio of variable to maximal fluorescence yield in dark-adapted leaves; J max , maximum potential rate of electron transport contributing to RuBP regeneration; l, stomatal limitation to A sat ; RuBP, ribulose 1,5-bisphosphate; RWC, relative leaf water content; V c,max , maximum carboxylation velocity of Rubisco; w PSII , relative quantum efficiency of photosystem II photochemistry; y w , leaf water potential.
occur only during early morning and late afternoon when of three native Mediterranean plants ( lavender, olive and rosemary) when irradiated with a high flux of UV-B temperatures are relatively low (Schulze and Hall, 1982; Tenhunen et al., 1987; Chaves, 1991; Pereira and Chaves, radiation. Analyses of the response of net CO 2 assimilation to intercellular CO 2 concentration and chlorophyll 1993). Such midday depressions in CO 2 assimilation are associated with stomatal closure, which simultaneously fluorescence measurements allowed evaluation of the relative limitations to leaf photosynthesis imposed by reduces water loss and daily carbon assimilation (Pereira and Chaves, 1993) . In C 3 plants when stomata close in changes in stomatal conductance, carboxylation efficiency, capacity for regeneration of ribulose 1,5-bisresponse to drought and CO 2 assimilation is reduced, the photosynthetic reduction of O 2 via photorespiration phosphate (RuBP) and PSII electron transport efficiency. increases and serves as a sink for excess excitation energy in the photosynthetic apparatus (Cornic and PSII antennae and photodamage of PSII will result, with
Plants were placed in a transparent UV-exposure cabinet a possible net loss of D1 protein of PSII reaction centres within the glasshouse, which has been previously described previously , and irradiated with UV-B for Cornic, 1994) . Such effects can have signi-14 h each day (from 06.00 h until 20.00 h) during the photoficant consequences for the photosynthetic productivity period for 8 weeks. The UV spectrum at the top of the plants of plants (Long et al., 1994) .
was measured with a scanning spectroradiometer (SR 991-PC,
Drought-induced midday depression of photosynthesis
Macam Photometrics, Livingston, UK ). Glasshouse and cabinet in Mediterranean plants may also involve heterogeneity transmission of UV-A radiation, supplemented by the UV fluorescent lamps, ensured that UV-A exposure was maintained of leaf photosynthesis. Such heterogeneity can be the for photorepair and for flavonoid biosynthesis ( Teramura and consequence of patchy stomatal closure and/or collapse Ziska, 1996) . The biologically weighted UV-B dosages according of parts of the mesophyll due to loss of turgor, associated to the generalized plant action spectrum (normalized to 300 nm; with a low lateral CO 2 diffusion capacity (Cornic and Caldwell, 1971) for the UV-B and control treatments were Massacci, 1996) , and result in decreases in the photosyn- The aim of this study was to determine the effects of (E) of the whole plant was calculated from the change in weight of the pots (water loss by the soil was minimized by using drought on the photosynthetic characteristics of the leaves cellulose film sealed on top of the pots) as described previously prior to drying using a flat-bed scanner (Hewlett-Packard ScanJet model IIcx, San Diego, USA) and analysed with an .
image processing program . Leaf gas exchange and fluorescence analysis An infrared gas analyser (CIRAS-1, PP Systems, Hitchin, UK )
Results
was used, as previously described (Farage et al., 1991; Steady-state modulated chlorophyll fluorescence of the adaxial surface of attached leaves was measured using a fluorimeter (PAM-2000, H Walz GmbH, Effeltrich, Germany) during the gas exchange measurements. Calculations were made from fluorescence parameters of the maximum quantum efficiency of PSII photochemistry (given by F v /F m ) and the relative quantum efficiency of PSII electron transport (w PSII ; estimated from ( et al., 1989) , the efficiency of excitation energy capture by open PSII reaction centres (F∞ v /F∞ m ) and photochemical quenching (q p ) as described previously (Andrews et al., 1993) . Measurements of F v /F m were made after dark adaptation for 15 min and w PSII , F∞ v /F∞ m and q p were measured at a PPFD of 500 mmol m−2 s−1, which was similar to the minimum mean growth PPFD.
All gas exchange and fluorescence measurements were made each day between 10.00 and 16.00 h.
Images of the relative quantum efficiency of PSII electron transport (w PSII ) of mesophyll cells across leaves were produced from high-resolution fluorescence imaging as previously described (Oxborough and .
The abaxial leaf conductance of attached olive leaves was measured in situ at midday using an automatic transit-time porometer (AP4, Delta-T Devices, Cambridge, UK ), taking measurements from at least six leaves per treatment according to .
Pigment analysis
Water-soluble pigments (flavonoids and anthocyanins) were extracted from leaves at the end of the drought treatment using the method of Jordan et al. (Jordan et al., 1994) . Leaves were ground to a powder in liquid nitrogen before extraction in 10 cm3 of acidified methanol (HCl:methanol, 1:99, v/v). Absorption spectra of the extracts were determined using a and roots were carried out. Total plant leaf area was estimated non-UV-B and UV-B treatments ( Fig. 1d, e) . RWC and y w also decreased rapidly (from c. 80% to 25% and from c. −1.3 to −4.0 MPa, respectively, over 2 weeks of drought) in both non-UV-B and UV-B-treated lavender plants ( Fig. 1g, h ). The daily plant evaporation rate (E ) increased with plant growth in all species in both non-UVB and UVB treatment throughout the experiment (Fig. 1c, f, i) .
Analyses of A/c i curves throughout the treatments allowed determination of the changes in the light saturated rate of CO 2 assimilation (A sat ), maximum carboxylation velocity of Rubisco (V c,max ), maximum potential rate of electron transport contributing to RuBP regeneration (J max ) and stomatal limitation to A sat (l ) for olive leaves or apical non-woody rosemary and lavender shoots (Fig. 2) . Four weeks of drought markedly decreased A sat , V c,max and J max and increased l (from c. 20 to 40%) in olive leaves (Fig. 2a-d) . After one week of severe water stress, A sat , V c,max and J max had substantially decreased, and l increased, in both rosemary ( Fig. 2e-h ) and lavender ( Fig. 2i-l ) leaves. Further decreases in A sat , V c,max and J max and increase in l were observed in lavender leaves after the 2 weeks of drought ( Fig. 2i-l ) . UV-B treatment did not induce any significant changes in any of these photosynthetic parameters of the three species studied throughout the measurement period (Fig. 2) . Four weeks of drought decreased abaxial stomatal conductance ( g s ) of olive leaves, measured in situ using an AP4 porometer, from c. 102.3±11.6 to c. 14.6±3.9 mmol m−2 s−1 (data not shown).
The changes in the maximum efficiency of PSII photochemistry after 15 min dark-adaptation ( UV-B treatments (Fig. 3b) . Decreases in F∞ v /F∞ m accounted for the changes in w PSII (Fig. 3c) . No changes were observed in q p throughout the 4 week of drought in non-UV-B or UV-B-treated olive plants (Fig. 3d) . In rosemary slight decreases in w PSII , F∞ v /F∞ m and q p ( Fig. 3j-l ) . Further decreases in all the parameters were observed after the leaves, after the first 2 weeks of drought no change was observed in F v /F m (Fig. 3e) , whereas w PSII , F∞ v /F∞ m and q p second week of drought in non-UV-B and UV-B treated lavender leaves ( Fig. 3i-l ) . showed a slight decrease (Fig. 3, f-h ). Further decreases in all the parameters were observed after the third week Imaging of chlorophyll a fluorescence from leaves was carried out in order to determine whether any heterogenof the drought in non-UV-B and UV-B treated rosemary leaves ( Fig. 3, e-h (Fig. 3i) , but there were respectively, in UV-B treated olive plants (Table 1) . However, neither flavonoid nor anthocyanin concentrations were significantly changed by UV-B irradiance in rosemary or lavender leaves ( Table 1) . Differences in the pigment concentrations with UV-B radiation treatment were similar whether expressed on the basis of leaf area (data not shown) or fresh weight. The effects of 4, 3 and 2 weeks of drought on several plant growth characteristics in olive, rosemary and lavender plants grown in UV-B, respectively, are shown in Table 2 . The UV-B treatment had no significant effect on any of the parameters studied for any of the species (data not shown). Drought significantly reduced plant height, leaf area, number of leaves per plant, total dry weight, leaf dry weight, and shoot dry weight in olive plants; plant height, leaf area, number of leaves per plant, specific leaf area, and leaf area ratio in rosemary plants; and leaf area, number of leaves per plant, specific leaf area, leaf weight ratio, leaf area ratio, and leaf dry weight in lavender plants ( Table 2 ). Plant and soil water contents were significantly reduced by drought in the three species studied (Table 2 ).
Discussion
The drought treatment resulted in large decreases in y w in all three species after 1 week. However, RWC decreased markedly only for lavender and rosemary (Fig. 1) , with decreases in olive leaves being small even after 4 weeks of drought (Fig. 1) . Accompanying these changes in water status in all species were large decreases in the photosynthetic gas exchange parameters A sat , V c,max and J max ( Fig. 2) . Consequently, drought-induced decreases in photosynthetic capacity of the leaves are accompanied by reductions in carboxylation efficiency and the ability to The large depressions in J max occurring after 1 week UV-B ($). The UV-B treatment was also maintained during the ( Fig. 2) were not accompanied by such large changes in drought period. Data are the means of four replicates and the standard errors are shown when larger than the symbols.
the relative quantum efficiency of electron flux through PSII at the growth PPFD (w PSII ; Fig. 3 ). This suggests that, initially, during the development of water stress der compared to control leaves, no significant level of heterogeneity in w PSII was observed in any leaves. decreases in the ability to regenerate RuBP cannot be attributed to a reduction in non-cyclic electron transport Water-soluble pigments that absorb UV-B radiation (flavonoids and anthocyanins) are considered to play a and the ability to produce ATP and reductants, unlike the situation in sunflower where inhibition of RuBP major role in protecting plants from UV-B damage. The effects of increased UV-B exposure for 8 weeks and after regeneration induced by water stress has been attributed to decreases in ATP supply resulting from a loss of ATP 2, 3 and 4 weeks of drought on the pigment contents in leaves of lavender, rosemary and olive plants are shown synthase ( Tezara et al., 1999) . Allen et al. have shown that decreases in J max induced by UV-B irradiation are in Table 1 . Drought treatments had no significant effect on the pigment contents of leaves of the three species associated with decreases in sedoheptulose 1,7 bisphosphatase, a key regulatory enzyme in the Calvin cycle (data not shown). Flavonoid and anthocyanin concentrations were significantly increased by c. 22% and 37%, . Decreases in V c,max ( Fig. 2) are likely (Horton et al., 1996) . Consequently, the decreases in F∞ v /F∞ m exhibited during drought in all the et al., 1997). Consequently, an attractive unifying hypothesis to explain the simultaneous decreases in V c,max and species can be taken as indicative of a physiological regulation of electron transport by increasing excitation J max during drought is that inactivation or loss of both Rubisco and other key Calvin cycle enzymes is occurring energy quenching processes in the PSII antennae. Decreases in q P are attributable to either decreases in the and may result in a decrease in carboxylation efficiency and account for decreases in V c,max , whilst decreases in rate of consumption of reductants and ATP produced from non-cyclic electron transport relative to the rate of other Calvin enzyme activities may result in a decrease in the rate of regeneration of RuBP and a decrease in J max excitation of open PSII reaction centres or damage to PSII reaction centres. The large drought-induced .
The drought-induced decreases in w PSII in rosemary and decreases in q P in rosemary and lavender could to be due to a combination of both of these factors. During the lavender were accompanied by similar decreases in F∞ v /F∞ m and q P , whereas in olive only F∞ v /F∞ m decreased and first week of the drought treatment of these two species no significant change in dark-adapted F v /F m was observed q P remained relatively constant (Fig. 3) . This highlights an interesting difference in the response of the photosyn- ( Fig. 3) indicating that no photodamage to PSII reaction centres or development of slowly relaxing excitation thetic apparatus to drought between olive and the other two species. The magnitude of w PSII is determined by the energy quenching had been induced by the drought, i.e. quenching that did not relax during the 15 min darkproduct of the efficiency of excitation energy capture by 'open' PSII reaction centres, which is estimated by adaptation period. The very large decreases in the gas exchange parameters A sat , V c,max and J max that occur in F∞ v /F∞ m , and the proportion of PSII reaction centres that are open, which is estimated by q P (Genty et al., 1989) . rosemary and lavender after the first week of drought ( Fig. 2) when only relatively small decreases in F v /F m Decreases in F∞ v /F∞ m are associated with increases in excitation energy quenching in the PSII antennae and are and F∞ v /F∞ m are found ( Fig. 3) suggests that demand for reductants and ATP has decreased dramatically and this generally considered indicative of 'down-regulation' of is a major factor in the closure of PSII reaction centres.
large increase in stomatal limitation in olive leaves, similar However, after 2 and 3 weeks of drought large decreases to that observed earlier in rosemary and lavender ( Fig. 2) . in F v /F m of lavender and rosemary leaves, respectively, The photosynthetic productivity of a plant is deterwere observed ( Fig. 3) , indicating that either PSII reacmined by the quantity of photosynthetically active radition centres had been damaged, or slowly relaxing quenchation intercepted and the efficiency with which this ing had been induced. Clearly, negligible photodamage intercepted radiation is utilized for net dry matter producto PSII occurs during drought in olive leaves since no tion. Factors associated with the drought-induced significant changes are found in F v /F m over a 4 week decreases in the efficiency of light utilization have been period (Fig. 3) during which very large decreases in A sat , addressed above and are clearly important in reducing V c,max and J max occur ( Fig. 2) . Consequently, the droughtphotosynthetic productivity. However, the large droughtinduced decreases in w PSII that occur in olive are attributinduced decreases in leaf area occurring in all three species able to 'down-regulation' of electron transport. This study studied (Table 2 ) will be associated with large decreases supports the contention that photodamage to PSII reacin the ability of the plants to capture photosynthetically tion centres is not a primary factor in the depression of active radiation and be a major factor in determining the CO 2 assimilation of the leaves induced by water stress. drought-induced depressions in photosynthetic productivHowever, photoinhibitory damage to PSII may be a ity of these species. secondary effect of drought in rosemary and lavender.
Exposure of lavender, olive and rosemary leaves to No heterogeneity of w PSII at the mesophyll (palisade) 0.47 W m−2 UV-B during severe drought treatments had cellular level was observed in any of the water-stressed no significant effects on leaf water relations and photosynplants (data not shown). Consequently 'patchiness' of thetic activities or on growth characteristics. This was a photosynthesis is not a factor in limiting photosynthetic somewhat surprising finding since it is well established activity in these species during periods of drought stress.
that high fluxes of UV-B result in closure of stomata and It is possible that such 'patchiness' occurs only when depressions in photosynthetic activities in many other dehydration is very rapid and thus it may not occur in species under non-drought conditions ( Teramura and the field (Cornic and Massacci, 1996) . Sullivan, 1994; Teramura and Ziska, 1996) and recent In leaves of all three species the capacity for CO 2 studies on pea demonstrated a significant interaction assimilation decreases to almost zero ( Fig. 2) . However, between UV-B radiation and drought treatments (Nogués in olive after 4 weeks of drought treatment when there is et al., 1998) . Also previous studies have suggested that negligible CO 2 assimilatory capacity w PSII remains at high levels of UV-B inhibit photosynthetic performance approximately 50% of the non-stressed leaves ( Fig. 3) .
of Mediterranean vegetation (Grammatikopoulus et al., This suggests that a considerably greater rate of non-1994; Nikolopoulus et al., 1995 ; cyclic electron transport is occurring than is required to Drilias et al., 1997) . In the present study olive leaves maintain CO 2 assimilation. An alternative sink to CO 2 responded to the UV-B treatment by increasing significassimilation for electrons would be oxygen reduction by antly their flavonoid and anthocyanin contents (Table 1) , photorespiration and/or a Mehler reaction, although in which presumably offers protection from the high UV-B droughted bean leaves it has been shown that photoreslevel. Interestingly, the flavonoid and anthocyanin conpiration does not act to protect the photosynthetic appartents of the lavender and rosemary leaves did not change atus from photodamage (Brestic et al., 1995) . In the significantly with exposure to high UV-B (Table 1) . droughted bean leaves increases in zeaxanthin content of However, the pigment contents of control leaves of these the thylakoids were correlated with increased antennae species are considerably higher than those found in the quenching and this appeared to be a major mechanism olive leaves ( Table 1 ) thus suggesting that lavender and for protecting the photosynthetic apparatus from photodrosemary leaves are well protected from exposure to high amage (Brestic et al., 1995) . A similar situation is likely UV-B and do not need to synthesize additional pigments to be occurring in the droughted olive leaves.
to effect protection from the UV-B. The UV-B treatment Drought produced large increases in stomatal limitation of 0.47 W m−2 used in this study is equivalent to a daily in the three species (Fig. 2) . In rosemary and lavender dosage of 24 kJ m−2 d−1, which approximates to a level the large increases in stomatal limitation accompanied that is c. four times the level in midsummer in the the decreases in photosynthesis parameters (Fig. 2) and,
Mediterranean. This UV-B level is considerably in excess consequently, stomatal closure would appear to be an of the predicted increases in UV-B reaching the earth's important factor contributing to the depressed CO 2 assimsurface due to depletion of stratospheric ozone (Allen ilation. However, during the initial stages of the developet al., 1998) . Consequently, these data would suggest that ment of water stress in olive leaves, only small increases increases in UV-B radiation are unlikely to pose a threat in stomatal limitation were observed when very large to the photosynthetic productivity in the field of lavender, depressions in the photosynthetic parameters were occurring (Fig. 2) . With time drought treatment produced a olive or rosemary in the foreseeable future.
UV-B radiation on the Mediterranean evergreen sclerophyll
